RELAP5 is a system thermal-hydraulic code that is used to perform safety analysis on nuclear reactors. Since the code is based on steady state, two-phase flow regime maps, there is a concern that RELAP5 may provide significant errors for rapid transient conditions. In this work, the capability of RELAP5 code to predict the oscillatory behavior of a natural circulation driven, twophase flow at low pressure is investigated. The simulations are compared with a series of experiments that were performed in the CIRCUS-IV facility at the Delft University of Technology. For this purpose, we developed a procedure for calibration of the input and code validation. The procedure employs (i) multiple parameters measured in different regimes, (ii) independent consideration of the subsections of the loop, and (iii) assessment of importance of the uncertain input parameters. We found that predicted system parameters are less sensitive to variations of the uncertain input and boundary conditions in high frequency oscillations regime. It is shown that calculation results overlap experimental values, except for the high frequency oscillations regime where the maximum inlet flow rate was overestimated. This finding agrees with the idea that steady state, two-phase flow regime maps might be one of the possible reasons for the discrepancy in case of rapid transients in two-phase systems.
Introduction
RELAP5 code [1] has been widely used in nuclear reactor safety analysis. The code uses two-phase flow regime maps with criteria for transition between different regimes based on results of fully developed, steady state experiments. The flow regime changes based on the instantaneous flow parameters with no regard to the flow history (e.g., acceleration or deceleration of the flow). In reality, flow regime transitions need time to develop [2] . Transient flow regimes can be different from those steady state ones at the same instantaneous flow parameters [3] . Rates of exchange of mass, energy, and momentum between the vapor and liquid phases depend on the flow regime. As a consequence, there is a concern that the steady state flow regime maps in RELAP5 may lead to significant errors for transients with rapidly changing flow regimes. Such transients can be found during two-phase flow natural circulation instabilities, being an important safety issue for boiling water reactors (BWRs) [4] .
The thermal hydraulics of two-phase flow instability has been investigated extensively both experimentally and analytically for decades. Sophisticated test facilities have been used. Wissler et al. [5] performed early studies of two-phase oscillatory flow in natural circulation loop. Boure et al. [6] classified different types of instability. Aritomi et al. [7] and Chiang et al. [8] studied instability in natural circulation BWR (NCBWR) startup conditions at low power and atmospheric pressure. Furuya et al. [9, 10] investigated mechanism of flashing induced instability in SIRIUS-N facility. Stability maps of NCBWR at various pressures and effect of geometric parameters were studied by de Kruijf et al. [11, 12] and Zboray et al. [13] . With the large scale PUMA test facility, Ishii et al. [14] and Kuran et al. [15] have investigated two-phase flow instability and other thermal-hydraulic phenomena in NCBWR. At the CIRCUS facility, Manera and van der Hagen [16] carried out studies on the instability during NCBWR startup. Later at the same facility, Marcel et al. [17] performed study on parallel channels flashing instability. Rohde et al.
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Science and Technology of Nuclear Installations [18] analyzed stability performance of a NCBWR system with the GENESIS facility which uses R134a as working fluid and has an artificial void reactivity feedback system. These experimental studies have provided insight and data for modeling, code validation, and the development of empirical correlations.
Analytical studies resulted in the development of models for two-phase flow instability that could be implemented in system codes [19, 20] . Two-phase flow instability was investigated using system codes by Kolev [21] , Shiralkar et al. [22] , and Rohde et al. [18] . The amplitude and frequency of flashing induced instability at the CIRCUS facility were studied by Schäfer and Manera [23] using ATHLET code. Kozmenkov et al. [24] simulated the flashing induced instability at the CIRCUS using RELAP5, thereby mostly comparing flow rates and pressures.
Although an extensive number of experimental investigations have been carried out, only few of those were exclusively designed for code validation. Also uncertainties in modeling have not been addressed explicitly in the previous analytical works. Assessment of the uncertainties and their influence on behavior of the system is an essential element of the code validation [25] . One of the sources of uncertainties is code input parameters that are not measured directly in the experiment. In order to reduce this uncertainty, it is important to consider need for code input calibration in the design of the experiments. Specifically, sufficient number of constraints should be provided in the experimental data in order to enable inference of the input parameters such as heat and pressure losses. Another difficulty in code validation against physically unstable system is related to the fact that small variations in uncertain input parameters may lead to big variations in the system response both in the experiment and in the simulation [26, 27] .
The goal of the present study is to validate the predictive capabilities of RELAP5 against two-phase natural circulation flow instability experiments. For this purpose, we (i) developed experimental procedures and carried out a set of tests in CIRCUS-IV facility with single test channel and constant system pressure and (ii) developed and applied a procedure for the calibration of the uncertain parameters in the code input and for validation of the code. The procedure reduces uncertainty in the code input using multiple measured parameters in different test regimes for the calibration.
First, we provide a description of the test facility, experiments, and the RELAP5 input model (Sections 2 and 3). Second, we describe the procedure for input calibration and code validation (Section 4). Finally, the results of the calibration and validation are discussed (Section 5).
CIRCUS-IV Single Channel Experiments
The CIRCUS-IV [17] is a natural circulation test loop facility, which was designed to investigate two-phase flow instability in NCBWRs during the startup phase.
The CIRCUS-IV thermal-hydraulic loop (Figure 1 ) consists of a test section with four parallel channels, a heat exchanger, a downcomer, two upper buffer vessels with steam domes, and a lower buffer vessel with a preheater. Each parallel channel consists of a heated section (1.95 m) with a heater rod inside, a bypass channel, and a riser section (3 m). The temperature of the water at the inlet of the test section is controlled by the preheater. The main measurement system of the facility consists of the following instruments ( Figure 1 ):
(1) Volumetric magnetic flow-meter at the inlet of the test section.
(2) Thermocouples in the test section and in the buffer vessels.
(3) Pressure sensors at the inlet of the test section, the riser outlet, and the steam dome.
Measurement uncertainties were ±1 ∘ C for temperature, ±30 mbar for pressure, and ±0.0002 l/s for flow rate measurements.
For the code validation purpose, in order to eliminate possible effects of parallel channels, the experiments were performed with a single opened channel in the test section. The steam domes were opened to the atmosphere to maintain constant pressure, since dynamics of the flow instability is sensitive to the variations of the steam dome pressure [28] . The bypass channels were not used in the experiments reported here.
A set of three experiments were performed at inlet water temperatures 89 ∘ C, 93 ∘ C, and 100 ∘ C. System pressure and heating power were maintained at 1 bar and 2.5 kW, respectively. The test matrix is given in boiling develops in the riser which creates two-phase flow with low frequency oscillation. In test I-2, further increase in the inlet water temperature leads to higher frequency and higher amplitude of two-phase flow oscillations. Figure 2 shows the inlet flow rate in the CIRCUS-IV single channel experiments. A flashing instability period consists of two phases: a flashing/boiling period and an incubation period. During the flashing period, the system experiences a strong peak in the inlet flow rate ( Figure 2 ), a reverse peak in the inlet pressure, and a strong decrease in the riser water temperature. The flashing period contains the maximum value of inlet flow rate, the minimum value of inlet pressure, and the maximum value of water temperature in the riser. During the incubation period, the flow in the system remains at subcooled conditions ( Figure 2 ) reaching the minimum value of inlet flow rate, the maximum value of inlet pressure, and the minimum value of riser water temperature.
RELAP5 Model of The Facility
RELAP5/MOD 3.3GL [29] was used in this work. Figure 3 shows the nodalization of the CIRCUS-IV single channel model. The model includes the heated channel with the heater rod, the riser, the heat exchanger, the downcomer, two upper buffer vessels with steam domes, and the lower buffer vessel with the preheater. Since thermal inertia in the components of the system has a significant effect on characteristic of the instability [30] , the wall heat structures for the heated channel, the riser, the heat exchanger, and the downcomer were incorporated.
The following computed thermal-hydraulic parameters were compared with the measurement data: inlet flow rate, inlet water temperature, riser water temperature, inlet pressure, and oscillation period.
Input Calibration and Code Validation Procedure
It is important to separate data which are used for input calibration and for code validation; otherwise results of the validation are not generally reliable. Therefore, single-phase steady state test data were used for code input calibration. Data from natural circulation two-phase instability tests were then used for code validation. The diagram in Figure 4 describes the procedure. channel, the riser, and the steam dome ( Figure 5 ). The data obtained from the test with single-phase steady state flow was used to set boundary conditions for the test section. In the second step, data of the entire loop in single-phase steady state test were used to calibrate the input. This two-step analysis reduces the number of uncertain input parameters in each step of the process. Calibration of the input for the test section and then for the full loop follows the same procedure:
Stage 1: Code Input Calibration against
(1) The initial input for the calibration is built based on the available experimental data, first for the test section and then for the full loop. The full loop base case input includes data from the calibrated test section input. (2) Sensitivity calculations are performed in order to understand the system response to the changes in the input parameters (denoted as Δ SS for the test section and Δ FS for the full loop in Figure 4 ).
(3) The calibration is carried out, considering importance of each uncertain input parameter and physically meaningful combination of their values. We considered dependencies between different uncertain input parameters and flow parameters (e.g., temperature, void fraction, and pressure). The ranges of the uncertain input parameters (e.g., riser heat loss) were estimated. (4) After the full loop calibration, the most influential input parameters were identified for the code validation.
Stage 2: Code Validation against Two-Phase Natural
Circulation Flow Instability. Consider the following:
(1) Two-phase flow instability cases were calculated using full loop inputs calibrated with the steady state data. (2) Sensitivity calculations were carried out using most influential uncertain input parameters (Δ ). (3) The ranges of the code prediction uncertainty were estimated based on the results of sensitivity calculations. (2) Pressure at the inlet of the test section.
Results and Discussion
(3) Loss coefficient or pressure drop at the inlet valve.
(4) Power of the heater in the test section.
(5) Heat losses along the riser to the environment.
(6) Heat losses along the downcomer to the environment. (7) Loss coefficients in the loop elements with complex geometry.
A schematic of the test section and its nodalization in RELAP5 are shown in Figure 5 . The boundary conditions of the test section are defined by the inlet water temperature, inlet mass flow rate, and outlet pressure (static quality = 1).
Test Section Input
Calibration. The goal of this step is to calibrate uncertain parameters in the code input, namely, inlet temperature, heat loss in the riser, heater power, and inlet pressure loss coefficient. Uncertainty in prediction of single-phase steady state flow by RELAP5 is assumed to be small. Therefore, we can attribute the discrepancies between calculation and experiment to the uncertainty in the boundary conditions or uncertainties in the measurements of thermal hydraulic parameters. First, a calculation was carried out using a base case input that used experimental values of the heater power, flow rate, and temperatures at inlet and outlet of the test section. Heat losses in the riser were not taken into account at this step. Second, we varied uncertain input parameters ( Table 2) to assess variation of system response parameters. The inlet flow rate was not varied due to the expected small measurement uncertainty. Finally, the test section input was calibrated to reduce the discrepancy between prediction and experiment. Predicted riser inlet and outlet water temperatures were, respectively, 0.8 ∘ C lower and 0.5 ∘ C higher than the experimental values ( Figure 6 ). Inlet pressure was underestimated by 15 mbar (Figure 7) . The discrepancies between predicted and measured values were larger than acceptable errors for steady state flow qualification: 0.1% for absolute pressure error and 0.5% for water temperature error [31] .
In steady state flow we expected the following response of the system to variation of the uncertain input parameters:
(1) Increase in the inlet water temperature will lead to (i) higher water temperature in the entire test section, (ii) possible appearance of void in the riser, (iii) smaller inlet pressure.
(2) Increase in the heat losses in the riser (i) lowers the riser water temperature, (ii) reduces void fraction (if any) in the riser, (iii) increases the inlet pressure, (iv) does not affect the inlet riser water temperature. (3) Increase in the heater power affects the system in the same way as increasing the inlet water temperature.
(4) Increase in inlet loss coefficient only raises the inlet pressure and does not affect other parameters.
(5) Increase in the outlet pressure suppresses void (if any) in the test section and thus raises the inlet pressure. Table 3 ) confirm expected system behavior.
Results presented in Figures 6 and 7 (and summarized in
It is clear that in the base case input no single uncertain input parameter can be varied in order to match the experimental data by simultaneously (i) reducing riser inlet temperature, (ii) increasing riser outlet temperature, (iii) reducing inlet pressure.
We found that generation of void was responsible for the underestimated inlet pressure. Underestimation of the riser inlet temperature can be explained by the offset in the measurement of the test section inlet temperature. Overestimation of the riser outlet temperature can be attributed to the insufficient heat losses. Therefore, a physically meaningful combination of the values of uncertain input parameters in the calibrated case is suggested as follows:
(i) The inlet water temperature had to be increased by 0.8 ∘ C in comparison to the measured value, so the calculated water temperature at the riser inlet matched the experimental value. A similar effect could be achieved by increasing the heater power. The adjustment of +0.8 ∘ C for the inlet water temperature is within the range of the measurement uncertainty ±1 ∘ C.
(ii) The heat loss in the riser had to be 0.2 kW, so the riser outlet water temperature matched the experimental Science and Technology of Nuclear Installations 7 value. A similar value (0.15 kW/channel) was found in a later study in CIRCUS-IV with 4 active channels.
Full Loop Input
Calibration. Further parametric study was performed for the uncertain input parameters of the whole loop model which were not addressed in the previous step: inlet valve loss coefficient, heat losses along the downcomer. From this step, the inlet valve loss coefficient of 28 was obtained. From analysis at stage 1, we found that the most influential uncertain parameters in the input are water temperature at the inlet and heat loss in the riser.
Stage 2: Code Validation against Natural Circulation Two-Phase Flow
Instability. The validation of RELAP5 was carried out using data from I-1 and I-2 tests. The input calibrated against steady state test S-1 was used as a base case input for I-1 and I-2 tests. Only water temperature at the inlet was changed to 93.6 ∘ C and 100.6 ∘ C for I-1 and I-2, respectively, which is 0.8 ∘ C higher than measured in the experiments (Table 4) . First, detailed comparison between experimental data and code prediction with base case input was carried out. Second, variation of the uncertain input parameters was used in order to assess the ranges of variation in the system response. The following thermal-hydraulic parameters were used for comparison: maximum, minimum, and time-averaged values of the inlet flow rate, inlet pressure, water temperatures at the riser inlet, middle, and outlet, and the oscillation period.
In Figures 8-12 we present a comparison between system parameters predicted with the base case input and experimental data from I-1 test. In the I-1 test, the oscillation period was overestimated by 27%; the average and maximum inlet flow rate agreed with the experiment (Figure 8 , Table 5 ). The minimum inlet flow rate was overestimated by 32%. This is in the range of experimental uncertainty due to the fact that the minimum inlet flow rate during incubation period was small and oscillating in the range of ±30%. The minimum inlet pressure was 29 mbar higher than the experimental value ( Figure 9 , Table 5 ) during flashing, possibly due to the underestimation of void fraction in the test section.
The values of riser inlet, middle, and outlet water temperature were underestimated up to 1.2 ∘ C (Figures 10-12 , Table 5 ). A possible reason for the discrepancies in prediction of the inlet pressure and riser water temperatures is too large heat loss in the riser (0.2 kW), which was calibrated using S-1 test data.
In Figures 13-17 we present a comparison between system parameters predicted with the base case input and experimental data from I-2 test with higher amplitude and higher frequency oscillation in comparison to I-1 test. The oscillation period and inlet pressure agreed with the experiment (Figures  13 and 14 , Table 6 ). The maximum inlet flow rate was overestimated by 16%, while the averaged amplitude was correctly predicted (Figure 13 , Table 6 ). Riser water temperature was underestimated from 0.1 ∘ C to 1.6 ∘ C (Figures 15, 16, and 17 , Table 6 ). The outlet riser water temperature was significantly underestimated. Similar to I-1, it is possible that the heat loss was smaller in test I-2 than in S-1.
Parametric studies were performed for tests I-1 and I-2 in order to assess the effect of the uncertain input parameters on system behavior. The influential parameters were varied from the base case values within their possible ranges, that is, inlet water temperature ±1 ∘ C, riser heat loss ±0.2 kW, and inlet valve loss coefficient ±25%. Other parameters such as heat loss in the downcomer were not varied since their influence has been shown to be negligible at the input calibration stage. Tables 5 and 6 show comparison between measured values and possible variation of predicted parameters for tests I-1 and I-2. The differences in oscillation period and inlet flow rate are normalized to the experimental values; the differences in riser water temperature and inlet pressure are absolute values.
The analysis of I-1 showed that the results are very sensitive to variations in riser heat loss and inlet water temperature ( Table 5 ). Decreasing heat loss in the riser or increasing water temperature at the inlet created oscillations with higher frequency and amplitude. The higher frequency is due to the fact that time required for water in the riser to reach saturation temperature becomes shorter. The higher amplitude is caused by increase in amount of void generated in the riser during the flashing period and higher buoyancy effects due to higher water temperature. Increasing the heat loss in the riser or decreasing water temperature at the inlet had opposite effects on the system behavior. Variations in the inlet loss coefficient did not significantly affect the results.
The oscillation period was overestimated by the code for test I-1 in most cases ( Table 5 ). The average and maximum The values in bold are maximum and minimum values obtained in simulations. inlet flow rate agreed with the experimental values. The minimum inlet flow rate was overestimated by 30 ÷ 40%, which is in the range of experimental uncertainty. In most of the calculations, the minimum inlet pressure was overestimated and the riser water temperature was underestimated.
Results of the I-2 test simulations show that the solution is less sensitive to the variations in the uncertain input parameters ( Table 6 ).
Simulation and experimental data are summarized and compared in Table 7 . The ranges of uncertainty in experimental data were obtained by comparing the average value of the parameter with the maximum and minimum values for a number of oscillations, not taking into account measurement uncertainties (±1 ∘ C, ±30 mbar, ±0.0002 l/s). The ranges of predicted parameters in Table 7 were obtained by comparing the results from the calibrated inputs and the maximum, minimum values obtained by variation of the uncertain input parameters within their possible ranges (in Tables 5 and 6 ).
In Figures 18-23 we show experimental data and calculation results for tests I-1 and I-2 (see also Table 7) . For most of the considered parameters the ranges of experimental and simulation uncertainty overlap with each other. Only for the high frequency oscillation test I-2, the code consistently overestimated the maximum inlet flow rate by at least 16% (Figure 18) . A possible reason for this discrepancy might be the use of the steady state two-phase flow regime maps in RELAP5 for calculation of rapidly changing oscillatory flows. An indirect confirmation for this hypothesis is the fact that the discrepancy was smaller in I-1 case where flow rate changes are slower. We noticed in the parametric study that quite often if one output parameter gets closer to the experimental value, some others would be more off. The uncertainty bars in the figures do not reflect this fact. Criteria which take into account simultaneously several output parameters are needed for better evaluation of the code validity. Such comparison is, however, out of the scope of this work. 
Conclusions
The RELAP5 code was validated against natural circulation two-phase flow instability at atmospheric pressure in CIRCUS-IV single channel tests. A procedure for the calibration of uncertain input parameters and validation of the code has been developed. The procedure employs (i) multiple measured parameters in different test regimes, (ii) separate consideration of the loop subsections with fixed inlet and outlet boundary conditions, and (iii) integral loop behavior. In order to identify the most influential parameters and to reduce uncertainty in the code input we apply sensitivity study and knowledge about expected system response to separate variation of the parameters. Calibration of the input is carried out using single-phase steady state flow conditions. Two tests with natural circulation oscillations were used for code validation: I-1 and I-2 with lower and higher frequency and amplitude, respectively. The results suggest that calculation and experimental uncertainties overlap, except for the I-2 test where the maximum inlet flow rate was overestimated. In the higher frequency instability regime, predicted system parameters are less sensitive to variations of the uncertain input parameters. One of the possible reasons for the discrepancy could be the steady state two-phase flow regime maps employed in the code. For further investigation of effect of the flow regime map on two-phase flow transients, development of experiments for code validation would be necessary.
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